Quadrupole acoustic logging is used to measure shear in the logging-while-drilling (LWD) environment. Evaluation of shear slowness in quadrupole acoustic logging requires an inversion method that takes into account the dispersion of the quadrupole mode, including tool-presence effects. The inversion method was developed to adopt a semblance processing that is based on waveform back propagation, assuming a homogeneous isotropic (HI) formation model with tool-presence effects. The inversion optimizes formation shear slowness and also includes optimization of mud slowness as an internal parameter to compensate for effects of undetermined mud slowness. A fast and robust optimization technique was employed using characteristics of the quadrupole semblance map to locate the maximum semblance peak. An automatic frequency band selection minimized errors from unknown borehole parameters and environmental effects. Testing with synthetic data validates the inversion method and field results showed very good agreement with wireline measurements.
Introduction
The quadrupole mode generated by a quadrupole source shows a dispersive nature over a wide-frequency band in sonic measurements. In addition, it has the advantage over flexural mode of being able to measure shear slowness in LWD environments. Because the rigid body of the LWD tool causes a strong interference between the flexural mode of the tool and that of the borehole, it is not possible to use a dipole source to determine shear. With proper design of the LWD collar, the collar and formation quadrupole arrivals are kept separate, making feasible accurate formation shear measurements.
In contrast to the flexural mode excited by a dipole source, the quadrupole mode shows no asymptote to the formation shear at low frequency. Modeling studies show that the quadruple mode is a function of six borehole parameters (formation compressional and shear slowness, formation density, borehole diameter, mud slowness, and density) in case of an HI formation model. In particular, quadrupole mode has a significant sensitivity for mud slowness in fast and intermediate formations. Therefore, dispersive processing is required for estimating formation shear slowness. This leads to a model-based inversion method which optimizes shear slowness by optimizing semblance. A fast and robust optimization technique with a peaksearch method was developed by using characteristics of the semblance plane for achieving better performance than the standard nonlinear optimization method. Test results of quadrupole inversion with synthetic and field data are presented.
Sensitivity Analysis
Assuming an HI formation model, the quadrupole dispersion curve depends on six parameters: formation compressional (DTc) and shear slowness (DTs), formation density (Rhob), borehole diameter (BHD), mud slowness (DTm), and mud density (Rhom) . A sensitivity analysis is performed to analyze the dependence of the quadrupole mode on these six borehole parameters. A normalized sensitivity is calculated for a borehole parameter p as follows (Kimball, 1996) :
The dispersion model α(f) which includes the tool-presence effects (Kinoshita et al., 2008 ) is estimated by means of a mode-search method to compute phase slowness at certain frequencies.
The sensitivity analysis on an intermediate slowness HI formation model shows that the shear slowness has the highest sensitivity among all the parameters in a wide frequency range (Figure 1 ), though mud slowness also has a significant sensitivity. Further analysis shows that the sensitivity to mud slowness becomes smaller in slow formations, while it becomes higher in fast and intermediate formations. Since no in-situ measurement of mud slowness is available at the moment, we must consider including mud slowness in the quadrupole shear inversion (Wu and Pabon, 2006) . 
Inversion Methodology
The semblance is used to evaluate the mismatch between the measured and model quadrupole dispersion curves. As given by Kimball (1998) , the semblance ρ is calculated by back propagating waveforms along a model dispersion α0(f) and can be defined in frequency domain as
where M is the number of the receivers, W(f) is the Fourier transform of input waveforms, δ is the inter-receiver spacing, and R is the index of a reference receiver that is the closest receiver to the mid-point of the receiver array.
If we assume no attenuation of the quadrupole mode, the spectrum of the waveform recorded at receiver i, W i , can be expressed as a phase-shift factor function of the measured dispersion α(f) of the quadrupole mode across the array, applied to the spectrum of waveforms recorded at reference receiver R, W R ,
Substituting equation 3 into 2, we find that the semblance value is determined by the mismatch between the model dispersion α0(f) and measured dispersion α(f):
If α0(f) and α(f) matches exactly, the semblance value will be 1.
Although we can directly build a least-square cost function using the extracted quadrupole mode from a modified matrix pencil algorithm (Ekstrom, 1995) , this approach is not practical as it needs a complicated logic to first automatically extract modes of interest. Using semblance as a cost function is an easier way and is even more robust, especially when the quadrupole mode is weak or contaminated by other propagating modes.
The sensitivity analysis of the borehole quadrupole mode indicates the sensitivity to the mud slowness cannot be ignored to evaluate the formation shear accurately, especially in fast and intermediate formations.
Since the mud slowness is not measured directly at the moment, it needs to be assumed or estimated in quadrupole shear processing. Assumed mud slowness can result in significant errors in the shear slowness estimate. To overcome this limitation, a two-parameter inversion was developed to make the estimated quadrupole shear slowness less affected by undetermined mud slowness. However, this additional inversion parameter shall not be considered as the estimate of the true mud slowness, because it includes various environmental effects. Here we call this parameter environmental slowness parameter (ESP).
The two-parameter inversion optimizes the semblance in a 2D slowness plane: shear slowness and ESP. Figure 2 is an example of a semblance map on the 2D slowness plane calculated from synthetic waveforms. A peak position around shear slowness of 200 µs/ft and ESP of 250µs/ft can be detected robustly. The propagation mode from the same waveform data is shown in Figure 3 . We can see the model dispersion curve calculated from inverted parameters at the peak position matches very well with the propagation mode, which is calculated by a modified matrix pencil algorithm. Initially, we could consider using a nonlinear optimization method (such as Levenberg-Marquardt algorithm), but by further investigation of the semblance calculation, we find a way to achieve much faster optimization. From equation 4 we can express the phase-shift factor function as
If we assume the reference receiver is located at the middle point of receiver array, by using Euler's formula, we have 2 1 )) ( cos( 2 1 ) (
( 7) Since θ(f) is a value close to zero when α0(f) is close to α(f), by using Taylor series expansion of cosines function, we have a quadratic equation form by omitting higher orders of θ(f),
where a 1 and a 2 are constants. So the term |W R (f)| 2 inside the integral of the numerator in equation 4 acts as weighting factor on A(f). / p is just the sensitivity of the borehole parameters, so shear slowness has a much higher weighting factor than mud slowness, i.e., ESP inside inversion. Substituting equation 9 into 8, we can have a quadratic equation defined in a 2D domain. Based on this observation, a peak-search approach by using quadratic fitting is developed to find the peak position of semblance.
Thus when α0(f) is close to α(f), this θ(f)
An example of quadratic fitting on shear slowness axis is shown in Figure 4 . Compared to the nonlinear optimization method, this is more efficient because it avoids computing first derivatives.
To avoid modeling quadrupole dispersion during the optimization process, a dispersion table is pre-computed from mode-search in a properly selected parameter range.
A time window is normally not necessary for quadrupole inversion since quadrupole mode is usually the dominant mode present in quadrupole waveforms. However, in some cases, the time window may need adjustments to improve inversion quality when quadrupole signals are weak or comparable to drilling noise level.
Processing Frequency Band Selection
To obtain consistently reliable results, there is a need to estimate an appropriate frequency band automatically. From the sensitivity analysis study, the relatively low frequency band is preferred because the shear slowness has high sensitivity. But we need to extend to higher frequency because of low signal-to-noise ratio. Thus the Airy frequency (peak of the excitation) is used for high cut frequency to achieve a trade-off between sensitivity and the signal-to-noise ratio.
Practically, this calculation of cut-off and Airy frequency is done by using a model dispersion curve ( Figure 5 ) that is generated from an initial guess of shear slowness and ESP, which is estimated by searching on a coarse grid of the 2D plane.
Test Results
Quadrupole inversion is tested on synthetic waveforms generated by Finite-Difference Method (FDM). Figure 6 shows the relative error of the inverted shear against the Figure 7 shows the field test results in which the quadrupole shear log is compared with the wireline dipole shear log. The inverted quadrupole shear shows very good agreement with the wireline dipole shear measurements.
Conclusion
A quick and robust quadrupole shear inversion method was developed based on a semblance method, which optimizes semblance over the shear slowness and environment slowness parameter (ESP) plane. It's able to estimate shear slowness from quadruple measurements of an LWD tool by dispersive processing. An automatic frequency band selection is employed to minimize the errors from unknown mud slowness value.
Quadrupole shear inversion is validated on synthetic data tests and shows very good agreement with dipole shear slowness obtained from wireline measurements.
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